The spontaneous-emission lifetime of CdSe͞CdS core -shell quantum dots was studied as a function of the distance between the dots and a polished Si surface. The experimental results reveal a significant modification of the spontaneous-emission rate of the quantum dots by the Si surface. © 2002 Optical Society of America OCIS codes: 160.6000, 300.6470, 300.6500.
The spontaneous-emission characteristics of a particle depend not only on the properties of the particle itself but also on the nature of its surrounding environment, more specifically, on the photonic mode density at its location. 1 -6 Spontaneous emission from rare-earth ions, dye molecules, atoms, and semiconductor structures can all be inf luenced in microcavities or near mirror surfaces. 4 -7 For example, Drexhage found that the spontaneous-emission lifetime ͑t se ͒ of Eu 31 ions near a silver mirror has a damped oscillatory dependence on the separation between the ions and the mirror. 4 Chance et al. 5 (CPS) proposed a classic dipole model to explain Drexhage's data and found good agreement. Experiments with InGaAlAs͞GaAs quantum dots confined in planar microcavities demonstrated some control of the spontaneous-emission rates of these quantum dots. 7 Control of spontaneous emission from semiconductor structures may be useful in future applications of optoelectronic devices.
Colloidal II -VI semiconductor nanocrystals have been well studied because of their relatively reproducible and controllable synthetic chemistry and their strong size-dependent optical properties. 8 -11 However, little is known about their photophysical properties near the surface of a semiconductor, especially near silicon (Si), despite their important applications to a number of diverse fields such as biological chips 10 and solar energy conversion.
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In this Letter we examine the spontaneous-emission lifetime of CdSe͞CdS core-shell nanocrystals as a function of their distances from a polished Si surface. CdSe͞CdS dots were selected because of their good surface passivation. Our experimental data indicate a significant modif ication of the spontaneous-emission rate of the quantum dots by the Si surface.
The fabrication of colloidal CdSe͞CdS dots was described in detail in Ref. 8 . CdS shells with as many as three monolayers of thickness were grown upon CdSe cores with diameters of ϳ4.0 nm. Figure 1 shows the typical photoluminscence (PL) spectrum of dots in a toluene solution. Samples for our t se measurements were prepared by spin coating of a dilute solution of nanodots in toluene with 1% poly(methyl methacrylate) (PMMA) onto SiO 2 f ilms thermally grown upon Si wafers. The average distance between quantum dots within the PMMA f ilm was ϳ50 nm. The Si wafers were P type, ϳ30V cm 21 and (100) oriented. The thickness of the thermal SiO 2 f ilms ͑d SiO2 ͒ was varied in a range of approximately 20-400 nm. The PMMA f ilms containing CdSe͞CdS dots were ϳ20 nm thick and, thus, the average separation ͑d͒ between the dots and the Si surface can be considered to be d d SiO2 1 10 nm. The inset of Fig. 1 shows a schematic diagram of the sample structure.
PL decay measurements were taken at room temperature by use of a time-correlated photon-counting system. The excitation pulses, obtained by frequency doubling of a mode-locked Ti:sapphire picosecond laser, were at l 400 nm, with a 16.4-MHz repetition rate and 6.3 pJ of energy per pulse. delays of as much as a few hundreds of nanoseconds have discovered multiple time-decay components ranging from microseconds to nanoseconds as a result of the complex energy structure near the band edge of CdSe dots.
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Here we limit ourselves only to short time delays (not more than 40 ns). Figure 3 shows spontaneous-emission lifetime ͑t se ͒ versus separation distance ͑d͒ between dots and the Si surface. The measured t se values (filled circles connected by a dotted curve) are obtained by monitoring at a wavelength of 605 nm. The t se value shows a damped oscillatory dependence for d greater than 50 nm, with turning points near d SiO2 60, 160, 260, 360 nm. These turning points follow the simple relation
where n, l, and w are the refractive index of SiO 2 , the spontaneous-emission wavelength, and the phase shift of the ref lected light at the SiO 2 ͞Si interface, respectively. K is an integer and takes the values 2, 3, 4, and 5, respectively, here. The oscillatory characteristics of t se shown in Fig. 3 are similar to Drexhage's result with Eu 31 ions. 4 Spontaneous emission can be interpreted as a consequence of interactions between matter and electromagnetic radiation. Figure 3 can also be explained well by modif ication of the local density of optical modes as a result of the presence of the interface. A rigorous quantum-mechanical calculation for erbium ions near an interface found that the local density of optical modes exhibits a damped oscillatory dependence on the distance from the interface. 17 However, for d smaller than 50 nm the experimentally measured t se value shows a rapid decrease with the decrease of d. In addition, the PL from CdSe͞CdS dots deposited directly onto the Si substrate is weak. The t se reduction for small separations could be due to energy transfer from excited quantum dots to the Si substrate. The excitedstate energy of the CdSe͞CdS quantum dot is larger than the Si bandgap, so the excited quantum dots can nonradiatively excite electrons from the valance band to the conduction band in Si, similarly to the dipole-induced dipole mechanism in the moleculesemiconductor system. 11 Compared with rare-earth ions, such as Eu 31 , semiconductor quantum dots have broad PL spectra. Figure 4 shows the t se value for several monitoring wavelengths (with quite a wide slit opening of ϳ20 nm to increase the signal intensity, which decreases the wavelength resolution) for one sample (labeled A in Fig. 3 ; d 62 nm). The t se value increases with the increase of the monitoring wavelength, which is equivalent to the decrease of distance for a given monitoring wavelength about point A in Fig. 3 . This wavelength dependence of the lifetime presented in Fig. 4 is different from those measured for quantum dots inside microcavities, 5 for which sharp cavity resonant modes exist and whose radiative lifetimes are different for on-resonant and off-resonant conditions.
According to the classic CPS dipole model that considers the emitters to be forced, damped electric dipoles, the t se modification can be written as
where q and k are the quantum yield of quantum dots and the propagation constant of the spontaneous emission, respectively. t 0 is the spontaneous-emission Fig. 3 . Spontaneous-emission lifetime versus separation distance ͑d͒ between dots and the Si interface. The filled circles connected by a dotted curve are experimentally measured data. The solid curve is a theoretical fit of the CPS model. Fig. 4 . Spontaneous-emission lifetime versus monitoring wavelength for a sample (labeled A in Fig. 3 
where R jj and R Ќ are the ref lection coeff icients of the SiO 2 ͞Si interface for the p-and s-polarized rays, respectively. The theoretical curve derived from Eqs. (2) and (3) is plotted in Fig. 3 (solid curve) also. The experimental and theoretical curves are almost matched, though there are some differences in detail, especially for small separation distances. These differences come mainly from three sources: (1) The finite thickness of the PMMA f ilm introduces some uncertainty to the position of the quantum dots; therefore the measured result is an average over many dots at different positions for each sample. This effect is larger for small separations. (2) Equation (3) was obtained with a simple model that considers only the Si͞SiO 2 interface but neglects the second interface of air-PMMA. Although the second interface has low ref lectivity, its presence may lead to waveguide modes. The waveguide modes can cause some modif ications of the spontaneous-emission rate. 14 -16 (3) Besides spontaneous emission, other nonradiative processes (mainly surface states) also contribute to the PL decay and have greater effects on smaller quantum dots. 12, 13 Using relatively large (4.0-nm core-diameter) CdSe͞CdS core -shell quantum dots significantly suppresses the surface states, 12 and the lifetime modif ication can be observed in our experiment. Moreover, the nonradiative decay is not sensitive to changes in the local density of optical modes. 17 Therefore the effect of the nonradiative decay does not signif icantly affect the oscillatory characteristics shown in Fig. 3 .
In summary, the modif ication of spontaneous emission from semiconductor quantum dots in the presence of a semiconductor surface has been studied. The t value shows a damped oscillatory dependence on the dot-mirror separation, which is similar to that of f luorescent ions and molecules, although there are some slight differences. The experimental results can be explained basically by the classic CPS model, but the unique features (such as confined excitons) of semiconductor quantum dots near a semiconductor interface are worth study in more detail. Such investigations should have signif icant effects on applications of semiconductor nanostructures in optoelectronic devices.
